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A B S T R A C T

Background: The European Union's 7th Framework Programme (EU's FP7) project HEALS – Health and
Environment-wide Associations based on Large Population Surveys – aims a refinement of the methodology to
elucidate the human exposome. Human biomonitoring (HBM) provides a valuable tool for understanding the
magnitude of human exposure from all pathways and sources. However, availability of specific biomarkers of
exposure (BoE) is limited.
Objectives: The objective was to summarize the availability of BoEs for a broad range of environmental stressors
and exposure determinants and corresponding reference and exposure limit values and biomonitoring equiva-
lents useful for unraveling the exposome using the framework of environment-wide association studies (EWAS).
Methods: In a face-to-face group discussion, scope, content, and structure of the HEALS deliverable “Guidelines
for appropriate BoE selection for EWAS studies” were determined. An expert-driven, distributed, narrative re-
view process involving around 30 individuals of the HEALS consortium made it possible to include extensive
information targeted towards the specific characteristics of various environmental stressors and exposure de-
terminants. From the resulting 265 page report, targeted information about BoE, corresponding reference values
(e.g., 95th percentile or measures of central tendency), exposure limit values (e.g., the German HBM I and II
values) and biomonitoring equivalents (BEs) were summarized and updated.
Results: 64 individual biological, chemical, physical, psychological and social environmental stressors or ex-
posure determinants were included to fulfil the requirements of EWAS. The list of available BoEs is extensive
with a number of 135; however, 12 of the stressors and exposure determinants considered do not leave any
measurable specific substance in accessible body specimens. Opportunities to estimate the internal exposure
stressors not (yet) detectable in human specimens were discussed.
Conclusions: Data about internal exposures are useful to decode the exposome. The paper provides extensive
information for EWAS. Information included serves as a guideline – snapshot in time without any claim to
comprehensiveness – to interpret HBM data and offers opportunities to collect information about the internal
exposure of stressors if no specific BoE is available.

1. Introduction

The European Union's 7th Framework Programme (EU's FP7) pro-
ject HEALS – Health and Environment-wide Associations based on
Large Population Surveys – started in 2013 with a term of 5 years. The
objective of HEALS is the refinement of an integrated methodology and
the application of analytical and computational tools for elucidating
human exposome through the integrated use of advanced statistical
tools for environment-wide association studies (EWAS) in support of
EU-wide environment and health assessments (www.heals-eu.eu).

Important determinants for the development of diseases are genetic
influences and the interaction of environmental stressors (Schwartz and
Collins, 2007). Described with the complementary approach of nature
and nurture, the term “environment” includes everything that is not
genetic (Smith et al., 1999). Consequently, the genome needs to be
complemented by the exposome (Wild, 2005, 2012). While the human
“genome is fixed at conception” (but changed by mutagenic influences)
(Rappaport, 2011), “the exposome encompasses life-course environ-
mental exposures […], from the prenatal period onwards” (Wild,
2005). Based on the above, genome-wide association studies (GWAS)
attempt to describe the influence of genetic factors for the development
of diseases (Hirschhorn and Daly, 2005), while EWAS investigate the
associations between a wide range of environmental factors and dis-
eases (Patel et al., 2010). In this context, human biomonitoring (HBM)
–procedures to determine substances or biological markers in human
specimens (Angerer et al., 2007) – provides a valuable tool for under-
standing the magnitude of exposure from all pathways and sources. A
biomarker of exposure (BoE) “may be the identification of an exo-
genous substance within the system, the interactive product between a

xenobiotic compound and endogenous components, or other event in
the biological system related to the exposure”(NRC, 1987). BoEs in-
clude either stressors themselves (e.g. the parent compounds), or their
metabolites (reaction products), identified in a variety of human spe-
cimens such as blood, urine, deciduous teeth or hair (CDC, 2005).

HEALS encompasses a more integrative approach for associating
environmental exposures and disease mechanisms and outcomes. Data
from the external environment, e.g., measurements of chemicals in
different media (e.g. air, water, soil and food), are combined with data
regarding internal exposure, e.g., measurements of chemicals in urine
or blood, to build the exposome and to derive environment-wide as-
sociations between exposure and disease. Starting from HBM samples,
quantification of exposure biomarkers, together with identification of
markers of effect and susceptibility (mainly-omics), builds the analy-
tical exposure biology framework for unraveling the human exposome
using multi-omics technologies according to the HEALS paradigm.

To evaluate HBM data, reference and exposure limit values as well
as biomonitoring equivalents are useful and receive particular attention
in the HEALS project. Reference values describe the upper level of the
populations’ background concentration (Angerer et al., 2007; Schulz
et al., 2011). The HBM Commission of the German Environment Agency
defines the reference value RV95 as “the 95 population percentile […]
rounded off within the 95% confidence interval” of the respective
parameter in the matrix obtained from the reference population (Schulz
et al., 2011). Reference values contain no information about health-
related biological exposure limits (Angerer et al., 2007).

Popular health-related biological exposure limit values are the
German HBM I and II values. There is no health risk assumable if the
concentration of a substance in urine or blood is below the HBM I level.
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